Rotationally resolved photoelectron spectra in resonance enhanced multiphoton ionization of Rydberg states of NH J. Chem. Phys. 97, 211 (1992) In this paper, we extend a previous formulation of molecular resonance enhanced multiphoton ionization (REMPI) photoelectron spectra of diatomic molecules to treat rotationally resolved photoionization of nonlinear polyatomic molecules. Useful parity selection rules, which govern changes of angular momenta AKa and AKc> are also derived. As an example, we use this formulation to study rotational branching ratios and photoelectron angular distributions resulting from (3+ 1') REMPI of H 2 0 via the C lBI (3pal) Rydberg state. Cooper minima are predicted to occur in the d wave (/=2) of the kal (,1,=0) and kb l (A = 1) photoelectron continua. The effects of these Cooper minima on rotationally resolved photoelectron spectra are also investigated.
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I. INTRODUCTION
Resonance enhanced multiphoton ionization coupled with high-resolution photoelectron spectroscopy (REMPI-PES) provides a useful probe of molecular excited states and the photoionization dynamics of these states.
I ,2 In REMPI, a single rotational level of the resonant state is selected and therefore only a small number of rotational levels of the ion are generally accessed. This results in substantial simplification in the photoelectron spectra, making such spectra particularly useful in investigating the photoionization dynamics of nonlinear molecules. 3 Such rotationally resolved ion spectra of nonlinear molecules (NH 3 , CoHo, IHI, para-difiuorobenzene, phenol-H 2 0, and pyrazine) have been studied by zero-kinetic-energy (ZEKE) photoelectron spectroscopy.3 For ZEKE detection, the spectral resolution is about the laser bandwidth ( -0 .1 cm -I) which readily provides for rotational resolution in molecular ions.
We have previously given a formulation4-6 for REMPI photoelectron spectra of diatomic molecules which explicitly used multiplet-specific final-state wave functions for the photoionized system. With the aid of parity selection rules such as I1N + I = odd, 5-8 (I1N = N + -Ni> where N + and Ni are the rotational quantum numbers of the ionic and intermediate states, respectively, and I is an angular momentum component of the photoelectron), we have exploited this formulation to quantitatively account for ion rotational distributions and the effects of Cooper minima on such distributions resulting from REMPI of Rydberg states of diatomic molecules (NO, CH, H 2 , and OH).4.5.9-11 Here this formulation is extended to characterize rotationally resolved REMPI spectra of nonlinear molecules. In this paper, emphasis is placed on molecules of C 2u symmetry. Useful formulas and associated parity selection rules are obtained. This formulation has been used recently to interpret successfully the dynamical origins of type a transitions seen in the experiments of Tonkyn et aI. 12 , 13 in photoionization of jet-cooled water with coherent vacuum ultraviolet (VUV) radiation.
Our formulation is used here to study REMPI spectra resulting from (3+ 1') REMPI of the C IBI Rydberg state of H 2 0. We choose this specific example for the following reasons: Recently, Kuge and Kleinermanns l4 have studied the rotational predissociation of H 2 0 by (3 + 1) REMPI of the C I B I (3pa I) Rydberg state in a supersonic jet. However, the REMPI ion spectra for ionization of a specific rotational level of the resonant C IBI state were not rotationally resolved and, hence, the associated photoionization dynamics and ion rotational propensity rules were not transparent. Meanwhile, Tonkyn et al. 12 have investigated the rotationally resolved single-photon VUV ZEKE photoelectron spectra of jet-cooled water by pulsed field ionization of extremely high-n Rydberg states. Both type a and type c transitions were observed in these ion spectra in contrast to the prediction of type c transitions only by Child and JungenY Lee et alY have accounted successfully for these type a transitions as arising from non atomiclike behavior of the molecular photoelectron continua. Of particular interest here is to examine related behavior which may be also associated with REMPI spectra of the C IBI Rydberg state of H 2 0.
Results of theoretical studies of ion rotational distributions and associated photoelectron angular distributions are presented here for (3+ 1') REM PI via the C IBI (3pa I) Rydberg state of H 2 0. Examination of angular momentum components of photoelectron matrix elements reveal that Cooper minima 10, I 1, [16] [17] [18] [19] [20] [21] are associated with these photoionization continua. Cooper minima have been shown previously to have pronounced effects on ion rotational distributions. For example, they give rise to an un-expected aN =0 peak in REMPI spectra of the (2) with B the rotational line strength (which is just an overall multiplicative factor) and J o the rotational quantum number of the initial state.
We now examine the matrix element for photoionization of an M J. sublevel of the resonant state leading to an I M J sublevel of the final continuum state. The following + formulation is generally derived for asymmetric top molecules. However, the application of this formulation to a symmetric top is straightforward. The bound-free transition moment r M M can be written as
with Dl"o the dipole moment operator in the laboratory frame and .@ ~ rotational matrices in Edmonds' notation.
22 In Eq. (3), the total final-state continuum wave ( 6) and (7)]. The rotational levels of both intermediate and ionic states are described by the asymmetric top wave function where T = Ka -Kc with Ka and Kc the projections of the total angular momentum along the a and c axes, respectively, and the coefficients aNTK are determined by diagonaJizing the rigid rotor Hamiltonian J~ J; J;
in the basis of the symmetric top eigenfunctions. In Eq.
(9), S(NMNKp) is a linear combination of symmetric top functions and has the form 23
for K> 0 with p the parity index having the value of 0 or 1, and
for
Eqs. (11) and (12) are given by
Note that the S(NMNKp) functions adopted in Eq. (9) instead of symmetric top eigenfunctions I N M NK) fulfill the symmetry requirements of the V 4 group.23 In Eq. (8), we use the generalized harmonics XrJJ.. (12) as bases for the IR of the molecular point group. These symmetry-adapted angular functions satisfy well-known orthonormality relations 24 and can be expressed in terms of the usual spherical harmonics (14) in the body-fixed frame. (12') in the laboratory frame as (15) m By substituting Eqs. (4) and (6)- (8) into Eq. (3) and making use of the properties of 3-j symbols, Eq. (3) can be rewritten as (16) where
and
in Eq. (17) goes over all possible indices. Substituting Eq.
(16) into Eq.
(1) I it is easy to verify that Furthermore, for the branching ratios of interest here, the constant implied in Eqs. (1) and (21) is unimportant and will be suppressed. Equations (21) and (22) are also suitable for photoionization of symmetric top molecules except that aNrK of Eq. (17) becomes unity for both the intermediate and ionic states.
B. Parity selection rule
Equation (17) 
which has the same form as for diatomic molecules for Hund's case (b) coupling. 
The selection rules also depend on which principal axis coincides with the molecular z axis. With the properties of 3-j symbols, Eq. (26) are suitable for any nonlinear polyatomic molecule, ,u + A must be determined specifically for a given molecular symmetry.
To illustrate these selection rules, (3 + 1') REMPI via the C IBI (3pal) Rydberg state of H 2 0 is taken as an example. The molecular x, y, and z axes are chosen to coincide with the a, c, and b axes, respectively, for H 2 0 and H 2 0+. Therefore, the selection rules of Eqs. (24) and (25) become !:J. Ka+l=odd (27) and (28) respectively. For the C 2v symmetry of H 2 0 and H 2 0+, the 
Equations (27) and (29) 
and 1 --
where (core) = 1ai2ai3ailb~. Within the frozen-core Hartree-Fock model for the final state, the photoelectron orbital <Pk can be shown to be a solution of the one-electron Schr6dinger equation of the form 25 ,26
where J i and Ki are the Coulomb and exchange operators, respectively, and P is a projection operator which enforces orthogonality of the continuum orbital to the occupied orbitals. 25 ,26 The photoelectron kinetic energy is given by
where Za is a nuclear charge. Using the wave functions of Eq. (30), the coefficients an and b n associated with Ib l orbital assume the value of 1.
For the wave function of the C IBI (lb l --> 3pal) resonant state, we use the improved virtual orbital (lVO) method 27 in which the core orbitals are taken to be those of the fully relaxed 2BI ion. 
U(r,r') = I (rIUlai)(U-I)ij(aiIUlr'),
ij where the matrix U-I is the inverse of the matrix with the elements (U)ij = (ail Ula) and the a's are discrete basis functions such as Cartesian or spherical Gaussian functions. U is twice the static-exchange potential in Eq. (31) with the long-term Coulomb potential removed. The Lippmann-Schwinger equation with this separable potential U(r,r') can be readily solved and provides an approximate photoelectron orbital tPiO). These tPiO) can be iteratively improved to yield converged solutions to the Lippmann-Schwinger equation containing the full staticexchange potential. In this study, four iterations provided converged solutions of Eq. (31). The scattering basis sets used in the separable expansion of Eq. (33) are listed in Table I . All matrix elements arising in the solution of the Lippmann-Schwinger equation and elsewhere were evaluated by using single-center expansions about the center of mass. For converged results, the maximum partial wave used in the expansions of bound orbitals, potentials, and photoelectron continuum orbital was seven. For the electron nuclear potential, 14 partial waves were used. Runs with larger partial wave expansions showed that our calculated cross sections are converged. The radial integration grid extended to 73 a.u. and contained 600 points. The integration step sizes ranged from 0.005 to 0.16 up to 9 a. u. and up to 0.32 a.u. beyond this point.
III. RESULTS AND DISCUSSION
In Fig. 1 , we show the total cross sections and the asymmetry parameter [3 as a function of photon energy for (2) is just an overall constant here, the alignment of the 3 12 and 3 30 rotational levels can be determined individually from the 3-j symbols of Eq. (2). The photoelectron kinetic energy is about 0.72 eV. The calculated spectra are convoluted with a Gaussian detection function having a full width at half-maximum (FWHM) of 1.5 meV. Dominant rotational levels in the ion spectra are labeled. Note that both rotational levels of the C IBI state have the same N quantum number and alignment PM M • Interesting fea-
tures of these ion rotational distributions include: (i) strong AKa = odd and Me = odd transitions expected on the basis of the dominant (even) partial-wave components of the photoelectron matrix element, arising from the p character of the 3pa} orbital of the C IBI state; (ii) strong .e-..... en
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A'~ r ~ (lla = even and llc = even) peaks. These transitions, which arise from odd angular momentum components of the photoelectron continuum, are comparable in intensity with those of even partial waves. For example, the 3 12 -+3 12 transition (odd wave contributions) has almost the same intensity as the most intense 3 12 -+3 21 transition which arises from even continuum waves [see Fig. 3(a) ].
The presence of these relatively strong odd continuum waves reflects angular momentum coupling induced by the strongly anisotropic molecular ion potential. This behavior is similar to that responsible for type a transitions observed in the photoionization of ground state H 2 0.
,13
To illustrate the angular momentum composition of these photoelectron continua, Fig. 4 shows the photoelectron angular distributions associated with the ion spectra of Fig. 3 . Terms up to f36 of Eq. (1) are included. In these plots, we assume f30= I and e=o· is vertical. Evidence of higher partial wave contributions are seen clearly especially for transitions with I:l.N = -2. Interference between partial waves of the photoelectron matrix element and between different ionization channels is important since these angular distributions are admixtures of various angular momentum components. These photoelectron angular distributions reflect the angular composition of the photoelectron upon ionization. Also, according to the selection rules of Eqs. (27) portant role. 10, 11, 20, 21 These anomalous spectra arise primarily from the formation of Cooper minima in the d(l=2) continuum wave. The depletion of the d wave contribution to the photoelectron matrix element in the vicinity of Cooper minima subsequently leads to an enhancement of the relative importance of the odd waves which make the dominant contributions to these unexpected AN =0 transitions. Cooper minima are also predicted to occur here (see Fig.  2 ). However, Figs. 3 and 5 do not show as strong an influence of these Cooper minima on the ion distributions as was seen for diatomic molecules, 10,1 1,20,21 even though the photoelectron kinetic energies lie in the vicinity of these Cooper minima. The main reason is due to the significant contributions from other even wave components such as the (2,2) component in the kal channel and (2,1) in the kb 2 channel. In Fig. 7 , we show the photoelectron spectra for (3+1') REMPI via the 413 [T(1) rotational branch] rotational level of the C lEI Rydberg state at several kinetic energies. The range of kinetic energies is chosen to span both Cooper minima (see Fig. 2 ). The ion rotational branching ratios depend on photoelectron kinetic energy due to the changes in the (I,A) partial wave composition of the matrix element Di).-) around the Cooper minima. The effect of these Cooper minima are seen clearly from the photoelectron angular distributions shown in Fig. 8 . Only selected ionic rotational levels are shown. These Cooper minima at low kinetic energies may be particularly useful in exploring the ionization dynamics of excited states of H 2 0.
